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We study how to protect quantum information in quantum systems subjected to local dissipation. 
We show that combining the use of three-level systems, environment monitoring, and local feedback 
can fully and deterministically protect any available quantum information, including entanglement 
initially shared by different parties. These results can represent a gain in resources and/or distances 
in quantum communication protocols such as quantum repeaters and teleportation as well as time 
for quantum memories. Finally, we show that monitoring local environments physically implements 
the optimum singlet conversion protocol, essential for classical entanglement percolation. 
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I. INTRODUCTION 

Quantum information processing relies on the capac- 
ity of sustaining coherence as well as the entanglement 
among different parties. However, many systems pro- 
posed for implementing such protocols are naturally sub- 
jected to local and unavoidable dissipation such as ion 
traps yy, cavity QED systems [2 , and atomic ensem- 
bles [3] . Needless to say, this usually works against their 
quantum efficiency through the mechanism of decoher- 
ence. Different strategies have been designed to partially 
protect or restore this coherence, such as entanglement 
distillation [4], quantum repeaters or feedback [6], 
even though all these proposals present combinations of 
different costs like the increase of the amount of resources 
to create the necessary redundancy or the need to per- 
form multi-qubit, i.e. non-local, operations. 

In this paper we show a fully deterministic and local 
scheme that counteracts the unavoidable action of dis- 
sipation. It relies on three basic elements: the capac- 
ity to monitor local environments detecting whether one 
or none excitation has leaked into each local reservoir; 
the possibility to rapidly feedback the excitation into the 
lossy qubit; and the use of three- level systems to encode 
qubits. Note that even though the used encoding implies 
some sort of redundancy, the scheme is much less de- 
manding than the usual quantum error correction codes 
for dissipative systems [6 because it adds only one local 
extra level to each part and does not require any extra en- 
tanglement or global operation. We discuss applications 
of this idea to improve the efficiency of quantum repeater 
protocols and to produce longer lasting coherence and/or 
entanglement for quantum information storage, telepor- 
tation or swapping. We also show that it can represent a 
physical implementation of the optimum singlet conver- 
sion protocol [7 . 

Let us consider a global system composed of inter- 



nal subsystems that are weakly coupled to their own 
local reservoirs. These couplings should respect typical 
Markov and Born approximations and one should be able 
to read information from each environment regarding the 
emission of single excitations from the respective subsys- 
tem in a time scale much shorter than the subsystem de- 
cay rate and still much larger than the correlation times 
of its respective reservoir. We then show that, within 
the framework of the well known quantum trajectories 
technique [8 , the monitoring of the local environments 
plus the classical communication of the obtained results 
(hence, the first element of the scheme) is already enough 
to enhance the quantum communication efficiency. How- 
ever, in the common case of qubits encoded in two-level 
systems, only the so-called no-jump trajectory, obtained 
when no environment is disturbed, is of use. In fact, 
the scheme starts to fail as soon as any single qubit de- 
cays, since its particular state is projected to the low 
energy level and factored out of the rest of the system. 
In order to solve this problem, we introduce the two re- 
maining elements to show that encoding the qubits in 
three- level systems, combined with feedback on individ- 
ual systems powers up the scheme to the limiting point 
of completely suppressing the action of the local environ- 
ments only through local operations. 



II. MONITORING THE ENVIRONMENT 

To start with, let us take a look at how environment- 
monitoring can enhance a simple quantum teleportation 
scheme for which Alice and Bob need to share a pair of 
maximally entangled qubits. Consider a initial Bell state 
given by |^o) = ^"'"^^^^"'"^ and that each qubit is under the 
action of a local spontaneous emission reservoir. With- 
out external monitoring, the joint state will become a 
mixture and the pre-existing entanglement will eventu- 



2 



ally vanish. The time evolution of the whole system is 
described by the following master equation: 

— = — — {d)ap + pd) a) + ^yapa^ — —{b^bp + pb^b) + ^ybpb^ , 

where we have considered = 7b = 7 as the local decay 
rates, d and b are the lowering operators for the qubits of 
Alice and Bob respectively, and the interaction picture 
is implied. As time goes by, entanglement is lost, which 
can be evidenced by the entanglement of formation Ep of 
state p{t) [9 as shown in Fig. [l] Due to this process, the 
further Alice and Bob take to perform the teleportation, 
the largest the amount of resources needed, since they 
would need more and more copies in order to distill a 
maximally entangled pair. 

Let us now assume that Alice and Bob can monitor the 
environments of their respective qubits, i.e. they can con- 
tinuously detect if their qubits have lost one excitation. 
It can involve a direct measurement of the reservoir, for 
example, by detecting an emitted photon, or an indirect 
probing of the loss of excitation through an auxiliary sys- 
tem [W. Under these conditions, the time evolution of 
the system is no longer described by the master equation 
itself but rather by its so-called quantum-jump unrav- 
eling, in which the no-jump operator (corresponding to 
no detection in the monitored environment) is given by 
Ho = 1 — ^[d^d + b^b] and the one-jump operator is 
given by IIi^^ = y/dfyd [8 . The same holds for Bob. 

First, since a detection in the environment imme- 
diately kills the entanglement, only the no-jump tra- 
jectory is useful. Furthermore, given that = 7b ^ 
the initial state is preserved under this same evolution, 
i.e. \'^{kdt)^'^) = 1^(0)) for any /c, keeping its original 
entanglement. The effect of the reservoir is to make the 
no-jump trajectory less and less probable with time, its 
probability given by P/vj = e~^^ . Provided that Al- 
ice and Bob can classically communicate the absence of 
jumps in their environments, this method is an alterna- 
tive to the usual distillation protocol since at any time 
the two parts share a maximally entangled state. 



A. Optimal singlet conversion through 
environment monitoring 

The idea of locally monitoring the reservoir can also 
be used in the problem of converting a partially en- 
tangled state IV^o) = V^|00) + Vl - a|ll) (with < 
a < 1/2) into a maximally entangled one (singlet con- 
version) [7 . Following a similar reasoning to the 2- 
qubit protocol presented before, when the subsystems 
undergo spontaneous decay and no jump is detected 
in both local reservoirs the initial state |V^o) evolves 
into IV^') = ^/a\00) ^ Vl - ae-^^|ll), with probability 
a + (1 - a)e-2^^ When e'^^ = ^/a/{l-a), is a 
maximally entangled state |TT] . This happens with prob- 
ability Pok = 2a, which is exactly the optimal singlet 



conversion probability found in [7]. This shows that in- 
deed coupling the qubits with independent reservoirs and 
monitoring their environments provides a physical imple- 
mentation of the optimal singlet conversion protocol. A 
setup that implements this conversion has recently been 
done with twin photons [TT]. 



III. ENCODING QUBITS IN THREE-LEVEL 
SYSTEMS 

We now proceed to show that using qutrits 
({|0), 1 2)}) instead of qubits in each side improves 
the previous strategies. Alice and Bob will always share 
an initial state in the subspace spanned by {|1), |2)}yi 
{|1), |2)}b, which will represent our particular encoding. 
We will also consider, from now on, only cascade decay 
channels, |2) |1) and |1) ^ |0) of respective rates 721 
and 7io and frequencies co'21 and ujiq. This condition is 
naturally found in many systems such as harmonic os- 
cillators undergoing dissipation, spontaneous emission of 
spin-1 systems or some three-level atoms. 

We begin by analyzing the most favorable situation: 
the complete degeneracy between the decaying channels 
in each qutrit (cj2i = ^10 and 721 = 710), ^-e. if qutrit 
A emits an excitation to its reservoir, by detecting this 
emission there is no fundamental way to identify the cor- 
responding decay channel (both are equally probable and 
generate indistinguishable excitations). First of all, note 
that in this case the no-jump evolution does not affect the 
entire subspace initially used by Alice and Bob, which 
mimics a decoherence free subspace for this particular 
trajectory. Furthermore, contrary to the previous case, 
the detection of one jump does not mean entanglement 
loss. For example, if Alice and Bob share the initial state 
1^(0)) — Alice detects an excitation in her 

environment, the state of the system must still be given 
by 1X1^/^1^(0)). But now, the jump operator must include 
the essential fact that the excitation does not distinguish 
its donor ^ therefore, it is given by V73t(|l)(2| + |0)(1|). 
When applied to |^(0)), this jump operator produces the 
state l^^'^(dt)) = This state is stih maximally 

entangled, when interpreted as the state of two logical 
qubits. Note that the information that the system has 
decayed not only allows Alice to keep an entangled state 
with Bob but actually gives her the opportunity to locally 
and deterministically restore |^(0)) through the unitary 
feedback of her qutrit with one excitation (|1) ^ |2), 
|0) ^ |1)). This operation should be fast enough to avoid 
a consecutive decay which would surely kill any entangle- 
ment. Since, at least in principle, this procedure could 
be repeated over and over again, entanglement could be 
protected for as long as necessary. The same argument 
holds for Bob. In fact, the same logic can be applied to 
a n-party multi-qutrit system in which each part is sub- 
jected to dissipation but is also able to monitor the loss 
of excitations and to locally feedback them. Once again. 
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FIG. 1: (Color online) Average entanglement over different trajectories, given by ^ = J^j^ E{ip^^)P^% as a function of 'jt. Ep 
represents the entanglement evolution without any protection strategy. The numerical index corresponds to the dimension of 
the system in which both logical qubits are encoded. Index "f" indicates the presence of feedback in the system. In E2, and E^j 
721 = 710 (fully degenerated decay channels) whereas index "h.o." indicates decay channels similar to the dissipative harmonic 
oscillator, i.e. 721 = 2710. r is the feedback time delay, and 77 is the measurement efficiency. In the right panel we repeat the 
E2 curve to emphasize that the use of qutrits is advantageous even in the cases with non-perfect measurements or feedback. 



as long as no part loses two excitations in a row (before 
the feedback mechanism comes in place), an entire sub- 
space spanned by {|1), |2)}*^^ can be protected against 
local dissipation. 

Another possible configuration features emitted exci- 
tations that still do not identify the possible decay chan- 
nel but are more likely the higher the number of excita- 
tions in 1^(0)) {uj2i = ^10 and 721 > 710) • For exam- 
ple, in the specific case of dissipative harmonic oscilla- 
tors, the operators in the studied subspace (|n = 0, 1, 2)) 
are given by Aq = 1 - ^(|1)(1| + 2|2)(2|) and fti = 
v/S7(|0)(l|+ V2|l)(2|). In this case, both possible evolu- 
tions would affect the entanglement between Alice's and 
Bob's qutrits, since they redistribute population among 
the levels of each subsystem. 

In Fig. [1^ we plot the time evolution of the entangle- 
ment of the non- monitored system, Ep^ as well as the 
average entanglement over different trajectories [12 as 
a function of time for the cases analyzed above, both 
with and without feedback. Note that in all situations, 
even for the usual qubit encoding, monitoring the envi- 
ronments preserves entanglement for a longer time than 
ignoring it, as should be the case since some information 
on the system is always recovered. When the detection 
and feedback mechanisms are ideal (Esj)^ entanglement 
can be preserved indefinitely. In Fig. [iJd we plot the en- 
tanglement obtained either when there is an 8% delay 
in the feedback mechanism or when there is an 8% inef- 
ficiency in the measurement of the environment. Since 
we now deal with mixed states of two qutrits, we use 
Negativity [TF to obtain the entanglement in each case. 
We should stress the fact that the use of qutrits is ad- 
vantageous even in these non-ideal cases when compared 
to two qubits, as it is clear in Fig. [T]3. Also note that, 
as expected, inefficient detection of the environment has 
a greater effect on entanglement loss than delay in the 
feedback mechanism. 



IV. POSSIBLE IMPLEMENTATION USING 
CAVITY ELETRODYNAMICS 



Let us now describe a cavity QED setup where our 
ideas can be applied. Suppose Alice and Bob want to 
establish a (ideally) perfect quantum channel. In the 
proposal of Ref. [14] , Alice first prepares an empty cav- 
ity (state |0)) and then interacts it with a very stable 
two- level atom ({|^), |e)}) in the exited state |e), in such 
a way to get the entangled state ^/a\Oe) + — a\lg). 
Afterwards she sends the atom to Bob. Assuming that 
the atomic decay rate is much smaller than the cavity 
field one, i.e. jat <C 7, the decoherence time of the sec- 
ond would limit the distance achievable by the first. In 
fact, the distance between Alice and Bob would have to 
be much smaller than v/j, v being the atomic velocity. 

As discussed before, this strategy can be improved if 
Alice uses three levels of her cavity field. The idea is 
that, instead of being empty, the cavity initially contains 
a photon (state |1)). Then, after the atom-cavity inter- 
action the final state will be ^/a\le) + ^/l — a\2g). If no 
jump happens in the interval [0, t) then this state evolves 
to IxnjW) = e-^^/2(v^|el) + Vl^f^'^^m), with 
probability Pxo{t) = ae~^^ + (1 ~ a)e~^^^ However, if 
one jump happens in the cavity field at time tj < t, 
then the new state of the system at time t is given 
by IxojW) = e-^*^/2(V^|eO) + VT^V2e-'<'/^\gl)), 
where the no-jump operator is used for t < tj and t > tj. 
Note that because 721 = 2710, the final state |xoj(^)) is 
always the same irrespective of the particular time at 
which the jump happened. We can then treat all one- 
jump trajectories as the same and compute their joint 

probability as Pxi{t) = /o^ ^xi ^j)^^J ~ P 



where P^^(t,tj) = pe~^'^^ gives the probability density 
for the trajectory where a jump happens dX t = tj (with 
p = a + 2(l — a)e~^^). The trajectory- averaged entangle- 
ment is then given by E2^3{(^^t) = ^^xivj^xo + ^xoj^xi • 
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Furthermore, we can choose t to maximize the one- 
jump trajectory and a to maximize the entanglement of 
the state when the atom reaches Bob, hence, creating an 
even longer lasting entanglement. Fig. |2] compares the 
protocols as a function of t and a showing the optimum 
range in which each strategy is better and also that for 
all times and initial states, encoding qubits in qutrits 
is more efficient in the presence of decay and environ- 
mental monitoring. Fig. [2]i shows entanglement for dif- 
ferent temperatures of the reservoir. Typical microwave 
Cavity QED experiments correspond to the intermediate 
curve [To]. Note that at such low temperatures, thermal 
excitations play a minor role in the proposed scheme. 
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2: (Color Online) a. No-jump contribution E^j^jP^^ for 



FIG 

^203; b. (upper right) one-jump contribution E^^jP^^ for 
^203; c. ^203 - E2®2] d. ^203 with a = 0.5 for different 
temperatures with the mean environment excitation number 
given by n. Decay time 1/7 = 0.129s as in the experimental 
setup in [10]. 



V. APPLICATIONS FOR COMMUNICATION 
PROTOCOLS 



to the next station. Naturally, since using qutrits allows 
to keep entanglement for longer times between each sta- 
tion, there is a reduction in the total amount of necessary 
resources. 

In higher dimensional networks, it was recently shown 
that the geometry of the graph defining the quantum 
network plays an important role in the problem of 
long-distance communication. Entanglement Percolation 
ideas [15] were first presented for pure-state based net- 
works. The main building block for these strategies is 
the possibility of performing the optimal singlet conver- 
sion. As we discussed before, this task can be achieved by 
reservoir monitoring. This fact in turn shows a strategy 
of realizing Classical Entanglement Percolation in noisy 
lattices IT6l. 



VI. CONCLUSION 

To conclude, we have shown that for systems under- 
going dissipation, encoding qubits in qutrits preserves 
coherence and entanglement for much longer times if the 
excitations given to the local reservoirs can be detected 
by external observers. Thus, systems with their envi- 
ronments under continuous measurement are not only 
suitable but advantageous for some quantum informa- 
tion protocols. Moreover, the monitoring scheme is fur- 
ther improved if the parties are able to locally feedback 
the recovered information into the system. This leads 
naturally to a reduction in resources for protocols such 
as quantum repeaters, teleportation, swapping and error 
correction, as well as an improvement in the coherence 
time of quantum memories. We have also shown a way of 
using the information leakage to the environment to per- 
form the optimal singlet conversion, the central task in 
Classical Entanglement Percolation. Finally, note that 
experiments already observe quantum jumps in differ- 
ent systems, e.g, harmonic oscillators (microwave cavity 
fields) |10^, and in single ions [17 , which means that the 
scheme here proposed is clearly within nowadays tech- 
nology. 



The schemes proposed before can be readily incorpo- 
rated in some previously known communication proto- 
cols. One of the main ideas of transmitting quantum 
information in 1-D networks relies on quantum repeaters 
[5]. In this case, one wants to transmit entanglement 
through large distances and uses intermediate stations to 
recover it from time to time through entanglement distil- 
lation. Once some degree of entanglement is recovered in 
an intermediate station, this entanglement is teleported 
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